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 
Abstract—For the electromagnetic (EM) vortex imaging 
purposes, the side-lobe suppression and the beam collimation 
method in the generation of OAM-beams is proposed. Based on 
the concentric-ring array, the objective function for the generic 
algorithm (GA) is defined to calculate the signal amplitude for 
each ring. Comprehensive simulations are conducted to validate 
the effectiveness of the proposed method. Results show that the 
main lobes of the radiation pattern of different OAM modes are 
collimated in the same direction and the side lobes are all lower 
than -20 dB. Furthermore, the imaging model of the 
concentric-ring array is established and the target image is 
obtained through numerical simulations. The work can advance 
the development of the EM vortex imaging technique and novel 
radar detection technology as well. 
 
Index Terms—Orbital angular momentum, radar imaging, 
radiation pattern optimization, vortex electromagnetic wave 
 
I. INTRODUCTION 
N recent years, there has been a growing interest in the 
orbital angular momentum (OAM), which is carried by the 
vortex electromagnetic (EM) wave possessing helical phase 
fronts [1]. Compared with traditional waves, the phase front of 
the vortex EM wave has an azimuthally dependent phase factor 
exp ( )il . Hence, the Poynting vector for each point within the 
beam is perpendicular to the phase front and has an azimuthal 
momentum component [2]. 
Since the year of 2007, the OAM has been applied in the 
radio domain, which might offer a solution to the problem of 
radio-band congestion [1], [3], [4]. However, OAM 
multiplexing in the wireless communication has also caused 
controversy [5]. For radar detection and imaging realms, the 
helical phase-front can be exploited to improve the resolution 
of the cross-range profile of the target [6]-[8]. In [7], [9], the 
concentric uniform circular arrays are designed to adjust the 
main-lobe directions of the OAM beams with different modes. 
However, the side lobes of the pattern are still high, which may 
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lead to negative influences on the radar detection and imaging 
applications. 
In this letter, for the EM vortex imaging purposes, the 
radiation pattern optimization method is proposed to collimate 
the beams for different OAM modes and suppress the side lobes 
simultaneously. Firstly, the concentric-ring array is presented 
and the radiation pattern is derived. Secondly, the fitness 
function of the genetic algorithm (GA) is defined to calculate 
the amplitude of the excitation signal for each ring. Finally, the 
imaging model based on the concentric uniform circular arrays 
is derived and the target image is obtained by numerical 
simulations. 
II. SIDE-LOBE SUPPRESSION AND BEAM COLLIMATION 
METHOD 
Hitherto, the uniform circular array (UCA) has been widely 
used in the generation of OAM beams, for example, the 
OAM-based wireless communication [3] and the 
electromagnetic vortex imaging [6]. However, the side lobes of 
the radiation pattern are much high and the inconsistency of the 
main-lobe directions of beams carrying different OAM modes 
needs to be eliminated [7]. Therefore, the concentric UCAs (Fig. 
1) are applied to suppress the side lobes and collimate the 
beams with different modes simultaneously. 
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Fig. 1. The sketch map of the array configuration. 
 
Here, the incrementally phased method [3] is applied to 
generate the vortex EM wave and the total radiation pattern 
( , )F    of the array can be given by 
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where H denotes the number of rings, ha  is the radius of the 
thh  ring and hI  is the amplitude of the excitation signal. 
[4 / ]h hN a   is the number of the array antennas of the 
thh  
ring. l  denotes the OAM mode number (also called 
“topological charge”), hn  is the azimuthal angle of the array 
element, and ( , )hnf     denotes the directional pattern of the 
antenna. 
1
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H
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h
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
  indicates the array 
factor and 2 /k f c  is the wave number, where f is the 
frequency and c denotes the light speed in the vacuum. In this 
letter, we assume that each element has the same pattern 
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where / 2 / 2      and 0 2   . 
Now, the generic algorithm is exploited to design the 
excitation coefficient for each ring. Based on the GA principle, 
the fitness function is defined as 
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where maxSLL  and desSLL  denote the calculated and the 
designed highest side-lobe levels, respectively. 1w  and 2w  are 
the weighting coefficients, which are usually decided by the 
expected characteristics of the designed pattern. 0  signifies 
the calculated position of the main lobe and des  is the expected 
direction of the main lobe, which can be obtained by means of a 
linear fit method [9] 
des max maxarcsin[(1.0509 1.1562) / ( )]l ka                (4) 
where maxl  denotes the largest OAM mode number exploited in 
the electromagnetic vortex imaging and maxa  is radius of the 
outer ring. 
According to Eqs. (3) and (4), numerical methods are applied 
to calculate the amplitude of the excitation signal for each ring. 
In the simulations, the key parameters are 10 GHzf  , 
max 10l   and max 10a  , where   is the signal wavelength. 
The spacing on the arc between two array elements is / 2  and 
the number of rings is 10H  . Based on Eq. (4), the expected 
main-lobe direction is 10.69 11des     . The calculated feed 
coefficients for each ring are shown in Table 1. It can be seen 
from the results that the signal amplitude for each ring are 
usually different for different OAM modes. For large OAM 
modes, more rings are applied to optimize the radiation pattern. 
 
TABLE I 
THE FEED COEFFICIENTS FOR EACH RING 
Radius l=1 l=2 l=3 l=4 l=5 l=6 l=7 l=8 l=9 l=10 
1a   1 0.71 0.79 0.54 0 0.48 0 0 0 0 
2 2a   0.95 1 0.75 0.42 0.48 0.53 0.43 0.93 0.77 0.31 
3 3a   0 0.87 1 0.97 0.39 0.29 0.12 0.15 0.72 0.31 
4 4a   0 0 0.64 1 0.98 0.55 0.32 0 0 0 
5 5a   0 0 0 0.78 1 0.98 0.46 0.38 0.29 0 
6 6a   0 0 0 0 0.78 1 0.98 0.89 0.20 0.23 
7 7a   0 0 0 0 0 0.76 1 0.80 0.77 0.67 
8 8a   0 0 0 0 0 0 0.75 1 0.85 0.97 
9 9a   0 0 0 0 0 0 0 0.60 1 0.98 
10 10a   0 0 0 0 0 0 0 0 0.48 1 
 
The designed radiation patterns for different OAM modes 
are depicted in Fig. 2 and the corresponding phase-front 
distributions are shown in Fig. 3. The blue dotted line in Fig. 2 
signifies the traditional results when all the elements are fed 
uniformly, while the red solid line depicts the optimized pattern 
based on the GA method. It is clear from Fig. 2 and Table 2 that 
all the main lobes of different OAM modes are nearly directed 
at the same elevation angle and the side-lobe level is suppressed 
effectively (lower than -20 dB), which can meet the demand of 
the EM vortex imaging. As shown in Fig. 3, the beams are 
sampled at a distance 100 mz   from the transmitting array 
and the sample window is 10 m wide in both x- and y- 
directions. The change in color from blue to red and back to 
blue again corresponds to a change in phase of 2 . The 
phase-front distribution has a regular helical shape, which 
means the generated beams still keep the key characteristic of 
the vortex EM wave [1]. 
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(c)                                                          (d) 
Fig. 2. The radiation pattern as a function of the elevation angle   ( 0   ). (a) 
l=1, (b) l=4, (c) l=7, (d) l=10. 
 
TABLE II 
THE DIRECTION OF THE MAIN LOBE 
Topological 
charge 
Direction of the 
main lobe /° 
Main-lobe 
Width /° 
l=1 8.8 10.2 
l=2 10.2 8 
l=3 11 7 
l=4 11 6 
l=5 11 5.2 
l=6 11 4.6 
l=7 11 4.2 
l=8 11 4 
 3 
l=9 11 3.6 
l=10 11.6 3.6 
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Fig. 3. Phase front distribution. (a) l=1, (b) l=4, (c) l=7, (d) l=10. 
III. ELECTROMAGNETIC VORTEX IMAGING BASED ON THE 
CONCENTRIC-RING ARRAY 
In the previous section, the radiation pattern of the OAM 
beam is optimized using the concentric-ring array, which is 
helpful to the clutter suppression for radar imaging. Here, the 
EM vortex imaging model is derived and the imaging results 
are analyzed based on the suppressed and collimated OAM 
beams. 
For the concentric-ring array designed in Section II, the 
emitted signal ( , )S lr  can written as follows: 
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To reduce the system complexity, a single antenna at the 
origin is exploited to receive the echo and the echo ( , )rS lr  can 
be expressed as: 
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where M denotes the number of scattering points, ( , , )m m mr    is 
the position of the thm  scattering point, and m  signifies the 
radar cross section (RCS). 
Then, the normalized echo is 
2
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Based on Eq. (7), we can find that the OAM mode number 
and the variable of the azimuthal angle keep an approximate 
dual relationship. Therefore, the 2-D FFT can be performed to 
obtain the target image in the range-azimuth domain. 
In the simulations, a plane model is assumed to be the target, 
the center frequency is 0 10 GHzf  , and the bandwidth is 
500 MHzB  . The array configuration is the same as that 
designed in the previous section and the OAM mode number 
exploited to image the target is [ 10,10]l  . It is clear from Fig. 
4(a) ad Fig. 4(b) that the Taylor window can be applied to 
effectively suppress the side lobes. However, the main lobe will 
widen, which leads to a decline of the imaging resolution. 
Moreover, the influence of the noise on the imaging quality is 
numerically simulated. In the simulations, the Gaussian white 
noise is added to the echo and the signal to noise ratio is set as 
5 dBSNR  . Results in Fig. 4(c) and Fig. 4(d) demonstrate that 
the proposed imaging method is much robust against the noise. 
In general, compared with non-optimized OAM beams, the 
suppressed and collimated OAM beams can guarantee the main 
lobes of different OAM beams illustrate the same area where 
the target may exist. Moreover, the suppressed and collimated 
beams is beneficial to improve the signal-to-noise ratio in the 
real application scenario and suppress the background clutter 
for radar imaging. 
R
an
g
e 
 (
m
)
Azimuth (  rad)
-0.5 -0.3 -0.1 0.1 0.3 0.5
950
970
990
1010
1030
1050
R
an
g
e 
 (
m
)
Azimuth  ( rad)
-0.5 -0.3 -0.1 0.1 0.3 0.5
950
970
990
1010
1030
1050
 
(a)                                                          (b) 
R
an
g
e 
 (
m
)
Azimuth  ( rad)
-0.5 -0.3 -0.1 0.1 0.3 0.5
950
970
990
1010
1030
1050
R
an
g
e 
 (
m
)
Azimuth  ( rad)
-0.5 -0.3 -0.1 0.1 0.3 0.5
950
970
990
1010
1030
1050
 
(c)                                                       (d) 
Fig. 4. Imaging results using the concentric-ring array. (a) Imaging results 
without window or noise contribution, (b) Imaging results with window 
contribution (no noise), (c) Imaging results with noise contribution (no 
window), (d) Imaging results with window and noise contributions. 
IV. CONCLUSION 
To conclude, the pattern synthesis method is proposed to 
suppress the side lobes and collimate the beams in the 
generation of vortex electromagnetic waves. Moreover, the 
imaging model is established based on the concentric-ring array 
and the plane model is imaged. Results demonstrate that the 
concentric-ring array can be readily exploited to generate OAM 
beams and image the targets, which is robust against the noise. 
The work and results can benefit the development of 
OAM-based radar system, e.g., its applications in the scenario 
where the clutter exists. 
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